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I.  INTRODUCTION 

In the particular kinetic energy branch of the field of tank warfare, 
various improvements in the kinetic energy projectile; e.g. higher length/ 
diameter ratios, monolithic construction and classified materials, compete 
with corresponding vehicle defensive improvements such as tipping screens, 
spaced heavy armor and equally classified materials. 

It is obvious that the gun-launched kinetic energy projectile can 
be most efficiently employed in velocity regimes higher than those 
currently encountered in practice; but neither empirical data nor rigorous 
analytical technique is immediately available to exploit such potential. 
This report examines the free flight drag in the velocity region between 
Mach 5 and Mach 10 in conventional representation as composed from wave, 
viscous and base contributions analogous to the treatment of Reference 1. 
The procedure is essentially algebraic and the results are listed in 
tabulation. Transcription to desk calculator form is presented as an 
appendix. 

II. PROCEDURE 

Figure 1 is a schematic of a long rod, fin stabilized projectile and 
Figure 2 defines the nomenclature employed in the analysis. Standard sea 
level air properties are assumed. 

A.  For the body drag: 

1. The wave drag coefficient CCDWB) is given as 

CnwR = -7 M"-28Jl "1-73 DWB n 

directly from Figure 8-29 of Reference 2 which is reproduced here as 
Figure 3. The quantity M is the Mach Number, and )L is the length of 
the projectile nose (in calibers). Both conical and ogival noses are 
described by this equation with restrictions imposed only in the case 

M 
of a short nose length where T  <1.0 and 2<M<10. A data base exists to 
M = 5. ^n 

2.  The hypersonic base drag CCDnB) is specified from pragmatic 
considerations. It is assumed that the extreme decrement from the lower 
velocity flow is bounded by the value at M = 5 and zero. A patch 
__ 

W.  F.  Donovan and B.  B.  Grollman,   "Proaedure for Estimating Zero law 
Drag Coefficient for Long Rod Projeatiles at Maah Numbers from 2 to  5", 
ARBRL-MR-02819, March 1978.    (AD#A054326) 

2 
"Design of Aerodynamioally Stabilized Free Rockets" PMC Pamphlet 
706-280,   1968. 
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C    =7M",28(?~1,73 

Data from Reference 2 

Figure 3. Nose Wave Drag Coefficient Correlation 
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procedure, which is described in Appendix A, is imposed and the result 
is a bilinear characteristic from M = 2 to M = 10 with the knee at M = 5. 
Available references offer little insight into the aerodynamics of hyper- 
sonic flow in the wake of cylindrical bodies. The wake flow behind cones 
has been investigated, however, and a survey of the results of these open 
literature studies is included in Appendix B. Thus 

CDBB = •040 " •003 M 

proposed for use in the range 5<M<10, 

3. The viscous drag component CCDVB) is obtained by Mach extra- 
polation of Figures 8-39 and 8-40 of Reference 2, which is presented in 
Figure 4. Here, Cp, is the flat plate friction factor, which is a 
function of M, Cp,, is an empirical constant equal to 1.51, as employed 
in Reference 1, and C  , transposes the classical flat plate 
coefficients to cylindrical applications3 and is taken as a constant 
equal to 1.15, 

Whereby: 

JDVB   -p1 "F"  "F* " 
r    - r  r    r       (  wetted surface 

ref 

= lO-4 (13.84 - 1.184 M) (1.51) (1.15)1  Wet1:^d surface 

ref 

,000173 (13.84 - ] .184 M) '  V 

proposed for the range 5<M<10, 

A . 
ref 

Any superposed drag due to aerodynamic disturbances from the driving 
grooves is assumed as part of the empirical constant C  . As in 2, the 
bilinear characteristic is retained. The viscous flow mechanics in 
hypersonic flow have been examined from divergent assumptions (refer to 
Appendix B) and are considered here from the conservative premise. 

2 
L.  M.  Freeman and R.  H.  Korkegi,   "Pvojeatile Aft-Body Drag Reduation 
by Combined Boat-Tailing and Base Blowing", AFAPI-TR-75-121,  February 
1976. 

13 
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B.  For the empennage: 

The wave drag coefficient for the fins (CnwF) is suggested by 
4 and is recommended for fins with a single bevel leading edge. 

1. 
Reference 
where 

E ch\2 \     wetted fin 
DWF "        \A-J 

proposed for the range of 2<M<10 . Reference 5 presents a similar form 
for biconvex profiles, 

2. The fin base drag (C  ) is determined by an area ratio with 
the body base, or uab 

r        - r, I  sect fin 
DBF '  [* base bodj DBB " 

where n is the number of fin blades per fin assembly. This report considers 
that the full thickness fin area represents the active drag cross section, 
which is a conservative assumption.  The effects of fin-body interference' 
may be neglected on the basis of magnitude (refer to Appendix C).  Since 
the fin base area is considered as the extension of the body base area, 
the same Mach limitations are assumed. 

3. The fin viscous drag (CDV ) is taken as the area ratio of the 
respective wetted surfaces of the fin and body as modified by the flat 
plate cylinder correlation coefficient, leading to 

r   = n        1  f A wetted fin \ „ 
DVF  n  1.15 I A ZTTZZ     I DVB " \  wetted body I  VD 

In viscous behavior, the fin is also an extension of the body. 

C.  The total zero-yaw drag coefficient is then equal to the sum of the 
individual contributions. 

III. RESULTS 

Figure 5 presents the graphical form of the analysis of the projec- 
tile drag coefficient for the Mach number range from M = 5 to M = 10. 
The discrete contributions of the individual components are available 
from Tables 1 and 2 and from the Hewlitt Packard calculator printout of 
the calculator program list given in Appendix D. 
4 
S.  F.  Hoevner,   "Fluid Dynamia Drag",  Published by the author, 1958. 

H.  Sohliahting,  Boundary Layer Theory,  MaGraw-Hill Book Company,  Inc. 
New York,   1960.   

15 
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TABLE 2.  OPERATING SCHEDULE FOR KINETIC ENERGY PROJECTILE (continued) 

Printed Output 

Mach number 
Body wave 
Body base 
Body viscous 
Body total 
Fin wave 
Fin sectional 
Fin viscous 
Fin total 
Projectile 

M 

CDWB 
CDBB 
CDVB 
CDTB 
CDWF 
CDBF 

^DVF 
„DTF 

le.eeeee&ee 
B. 866375023. 
e.eieeeec^c 
B.823724385 
0.894099325 
8.002855548 
8.687995944 
6.687924891 
8.816775584 
8.112874912 

•t *4 

Hi 

18.86686866 + ■; . 

6.868375823 »»* 
8.618888888 »*# 
8.823724365 *** 
0.894899329 *»..f 

0.002855540 ♦■*■» 

0.087995944 **» 
8.807924091 *** 
0.018775584 »** 
0.112874912 »».f 

9.000000000 »>« 
0.062182676 t$$ 
0.013000888 $1* 
8.037769094 *».*■ 

0.112951776 »»* 
0.003176597 **.f 

0.010394726 *ti 
0.012615153 *** 
0.026186477 **:* 
0.13913824b + ■» f 

8.000000000 **». 
0.064267605 *** 
0.016000000 »*» 
0.851813883 *♦» 

0.13208148S »** 
8.003579619 *♦« 

0.812793511 *** 
0.017306215 tJf* 

8.033679345 »»■-■ 

8.165760833 **■* 

7.880000006 
0.066715979 
0.019000006 
0.865858672 
8.151574656 
8.884188969 
8.815192294 
0.021997276 
0.041290546 
0.192865196 

6.000008880 
0.069658635 
0.022000000 
0.079903466 
0.171562096 
0.004802563 
0.017591078 
0.026688338 
8.849881979 
8.228644075 

5.000000000 
0.073307045 
0.825080000 
0.093948249 
0.192255294 
0.005799646 
0.019989861 
8.831379488 
0.057168987 
8.249424288 

♦♦* 
$$i 
lit 
Hi 
ii-i 
$ii 
1*4- 
♦*» 
»** 
*** 

**+ 
»*■• 

*ii 
ni 
in 
m 
Hi 
ill 
*$i 
in 

*ii 
■»■♦■*■ 

Hi 
*** 
»+* 
ill 
ill 
$$$ 
lii 
in 
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LIST OF SYMBOLS 

^ase body     Area of body exPosed t0 base pressure (cal) 

Asect fin      Area of fin exPosed to base pressure (cal) 
2 

Aref Reference area (.785 cal ) 

Awetted surface Area of Partic"lar surface assigned viscous 
flow drag (cal^] 

C
D Total drag coefficient (Reference Symbol) 

2D  

pv2Aref 

CDgg Pressure drag coefficient - body 

c
DBp Pressure drag coefficient - fins 

CQJ Total drag coefficient 

CDTB Total body drag coefficient 

DTF Total fin drag coefficient 

c
DyB Viscous drag coefficient - body 

c
DVp Viscous drag coefficient - fins 

C
DWB Wave drag coefficient - body (nose) 

C
DWF Wave drag coefficient - fin 

A
CDB Interference drag coefficient 

cp. Skin friction factor for flat plate viscous flow 

cpi, Empirical constant 

CFiii Conversion factor between flat plate and cylindrical 
viscous flow 

D Drag Force 

M Mach number 

Re Reynolds number 

25 



LIST OF SYMBOLS (continued) 

b Intercept of C- - M characteristic 

c Chord length of base fin (cal) 

d Representative diameter of cylindrical reference 
area (1.0 cal) 

h Height of fin blade (cal) 

j Length of leading edge of fin (cal) 

k Slope of CL - M characteristic 

£ Length of after body of projectile (cal) 

fc Axial length of projectile nose (cal) 

£__ Slant height of projectile nose (cal) 

n Number of blades per fin assembly 

t Representative fin thickness (cal) 

w Slope of Cp, - M characteristic 

v Projectile velocity (cal/sec) 

z Intercept of Cp, - M characteristic 

2    1/2 3 Thermodynamic parameter (M - 1) 

p Ambient air density 

26 



SPECIAL NOTATION 

H-P 97 refers to the Hewlitt Packard calculator for which the program 
listing of Appendix D is written. 

References to "hypersonic flow" indicate the Mach regime 5<M<10. This 
designation is arbitrary. 

27 



APPENDIX A 

PATCH PROCEDURE FOR TRANSITION TO HYPERSONIC REGIME 

The body base drag coefficient for 2<M<5 is given by 

CDBB = " •048 M + •265 

and acquires a value of .025 at M = 5.  For the assumed decrement to 
.010 at M = 10: 

- .048 M + .265 = - k M + b , 

or 

025 = b - 5 k 

with 

.01 = (b - 10 k) , 

whereby 

b = .003 

and 

k = .04 . 

Thus 

CDBB= .04 - .003 M . 

The skin friction coefficient is similarly determined. At M = 10 the 
extrapolated decrement produces C  = .0002. This leads to 

28.75 - 4.166 M = z - w M , 

giving 

z = 13.84 , 

with 

w = 1.184 . 

as suitable coefficients for the range 5<M<10. 

29 



APPENDIX B 

DISCUSSION OF BIBLIOGRAPHIC DATA 

Lyons and Brown*, and Zarin**, offer results of work on cones.  The 
Lyons and Brown base drag coefficient assumes a perfect vacuum in the 
immediate wake of the body while the Zarin data is predicated on pressure 
measurements in the model mounted in a wind tunnel facility.  The results 
are compared with values calculated from the current report. 

.06 

DBB 

.04 

.02 

CDBp = .04-.003M 

'0  M 

Although the pure cone CDBB is higher than that predicted on the basis 
of the present report, tnis represents no contradiction since any non- 
vacuum base flow will give this result.  The Zarin data agrees at M = 
6.5 within 20% and at M = 8 within 7%. 

The viscous contribution to the drag is treated by Lyons and Brown* as a 
boundary layer phenomena with additional components due to induced pressure 
and transverse curvature effects.  Zarin** considers the viscosity to be 
negligible in comparison with the other terras.  Stivers*** offers a 
conventional treatment whereby the laminar regime is superseded by a 
transitional and a turbulent flow, and then converts the body of revolu- 
tion to equivalent flat plate configuration. This present report simply 
extrapolates from lower Mach number data and agrees, approximately since 
the Lyons and Brown data is lumped with the wave drag, with the Lyons and 
Brown results.  
* V.  C.  Lyons, Jr.  and H.S.  Brown,   "The Drag of Slightly Blunted 

Slender Cones",  NOLTR 68-3,  January 1968. 
** N.  A.   Zarin,   "Base Pressure Measurements on Sharp and Blunt 9.° Cones 

at Maah Numbers from 3.50 to 9.20",  BRL MR 1700.,  November  J^5.(AD#369084) 
***L.S.  Stivers, Jr.   "Calculated Pressure Distributions and Components 

of Total Drag Coefficients for 18 Constant Volume Slender Bodies of 
Revolution at Zero Inaidenae for Maah Numbers from 2.0 to 12.0 with 
experimental Aerodynmaio Charaateristias for Three of the Bodies", 
NASA TN D-6536,  October,  1971. 
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APPENDIX C 

FIN-BODY INTERFERENCE DRAG COEFFICIENT INCREMENT 

From Reference 4, 

A C DB 
.825 

L M 

.05 
M ] H M 

where 

t = .157 cal, 
c = 4.2 cal, 
n = 4, 

sect = .157 cal . and 
A  -  = .7854 cal2, ref ' 

which leads to the result shown below. 

ACDB 

nnnfi 

.0005 

0004 

\ 0003 

OOO? \ 

.0001 
^-^ ^ , 

0 

a < \             i » I » 
M 

—i 

i 0 
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APPENDIX D 

PROGRAM LISTING FOR H-P 97 DESK CALCULATOR 

Input Storage Registers 

1 Z Nose length 

2 !L Afterbody length 

3 h Fin blade height 

4 t Fin thickness 

5 c Fin blade length at root 

6 j Fin leading edge length 

7 n Number of fin blades 

I M Mach number 

Note that the program automatically decrements in unit Mach 
gradient.  Decimal gradients can be employed by insertion at 
step 187. 
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Printed Output 

Mach number 
Body wave 
Body base 
Body visoous 
Body total 
Fin wave 
Fin sectional 
Fin viscous 
Fin total 
Projectile 

M 
CDWB 
CDBB 
CDVB 
CDTB 
CDUF 
CDBF 

JIDVF 
CDTF 
CD 

iB.mmm $$$ 
8.068375823 $$$ 
0.0180888m +»* 
0.023724385 *>.* 
8.894899329 Mi 
8.88285554S *$* 
0.807995944 »».f 

0.007924091 **r 
0.01S7755S4 »*.f 
0.112874912 $$* 

Propram Llstlnp 

001 *LBLC 21  13 
002 RCU 36 46 
003 PRTX -14 
004 LN 32 
005 m -62 
00b 2 02 
007 8 ee 
008 CHS -22 
005 X -35 
010 e* 77 

011 STOrt 35 11 
012 CLX -51 
013 RCU 3b fil 
014 LN 32 
815 1 SI 
016 m -6Z 
017 7 27 
018 3 03 
019 CHS -22 

020 X -7C 

821 ex 33 
822 RCLA 36' :: 
023 X -35 
824 ■ -6-2 
825 7 e? 
826 X 7=" 

TJ-J 

027 PRTX -14 
028 STOrt 35 11 
029 CLX 
030 RCU 36' 4t 
031 a -62 
032 0 80 
033 e ae 
034 3 03 
835 CHS -i'i 
836 X -35 
037 ■ -62 
038 8 00 
833 4 ^ 
040 0 00 
041 + -55 
042 PRTX -14 
043 STOB 35 12 
044 CLX -51 
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045 RCL1 36 Bl 
946 X2 C7 

947 a -ez 
948 5 05 
949 *£ 53 
959 + -55 
951 fX 54 
952 m -c2 
953 5 05 
954 X -35 
955 RCL2 36 82 
956 + 
957 Pi 16-24 
958 X -35 
959 ST09 35 85 
969 p; 16-24 
961 T -24 
962 4 84 
963 X -35 
964 ■ -62 
965 e Sd 
966 e 88 
967 9 SB 
968 1 81 
969 7 B7 
979 3 83 
971 X -35 
972 sroc 35 13 
973 CLX 
974 RCLI 36" 46 
975 i 91 
976 ■ -62 
977 1 81 
978 8 dS 
979 4 94 
989 CHS -22 
981 X -35 
982 1 81 
983 3 83 
984 ■ -62 
985 8 8S 
986 4 84 
987 + -CT 

988 RCLC 36 13 
989 X ww 

999 PRJX -14 
991 sroc 35 13 
992 RCLfi 36 11 

993 + -55 
994 RCLB 36 11 
995 + -55 
996 PRTX -14 
997 ST08 35 8£ 
998 CLX 
999 RCL3 36 8Z 
199 RCL6 36 86 
191 •=• 1 .* 

L.1 

192 SIN"* 16 41 
193 TON 43 
194 STDE 35 15 
195 RCL3 36 83 
196 X2 53 
197 RCL£ 56 15 
198 i -24 
199 2 82 
119 T -24 
111 ST0£ 35,15 
112 RCL3 3c 83 
113 T L't 

114 2 81 
115 X _7r 

116 CHS ■"ii 

117 RCL5 3b ow 
118 + _c:c 

119 RCL3 36 B3 
129 X _7r 

121 RCL£ 36 15 
122 + -55 
123 STOA 35 11 
124 Pi 16-24 
125 T 

i .1 

126 4 ^ f 
bH 

127 X _7c- 

128 STOE 35 15 
129 PCL4 3t 84 
139 RCL6 36 si 
131 T -24 
132 X2 
133 RCL£ 36 15 
134 X -35 
135 RCL? 36 07 
136 X -35 
137 ST0£ 7?    1C 

138 CLX 
139 RCLI 36 46 
149 X2 
141 1 il 
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142 - 
143 VX 5-! 
144 RCL£ 36 If 
145 T -24 
146 1/X 51 
147 PRTX -14 
148 STOD 35 14 
149 RCLB 36 12 
158 RCL7 36 C7 
151 X -Jf 
152 RCL3 36 83 
153 X -35 
154 RCL4 36 04 
155 X -35 
156 Pi 16-24 
157 ~ _ 0 ■* 

158 4 64 
159 X -35 
168 PRJX -14 
161 STOE 35 15 
162 CLX -51 
163 RCLfi 36 11 
164 2 01 
165 X -35 
166 RCL9 36 £3 
167 T 

168 RCLC 36 1Z 
169 X -35 
178 RCL7 36 07 
171 X -35 
172 1 Bl 
173 ■ -62 
174 1 - * 

175 5 85 
176 T -24 
177 PRTX 1  A 

178 RCLE 36 15 
179 + 
188 RCLD 36 14 
181 + 
182 PRTX -14 
183 RCL8 36 0£ 
184 + -55 
185 PRTX -14 
186 SPC 16-11 
187 DSZ1    16 25 46 
188 QTOC 22 13 
189 RTH 24 
198 SPC 16-11 
191 GTOC 22 13 
192 RTH it 

193 GSBC 23 13 
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